Abstract-As widely noted by researched in last decades, an automotive brake system works by transforming kinetic energy of vehicle into thermal energy, and dissipating the energy through heat conduction. The typical concerns in this kind of system are the noise problems in high frequency which can be figured the vibration characteristics out though modal analysis of the system. As noted in recent research, the mentioned problem is mainly related with the specific modes of components where potentially can be superposed. The separation of these modes should be handled as a crucial design consideration at the initial stage of development. The rotor is a significant contributor of noise and vibration, hence the modal separation is to be considered in designing detail shapes of the component, since the shape of the object generally affects the mode frequencies. In this study, frequency sensitivity analysis through finite element method by design of experimental process has conducted to find the dominant shape factors among the multiple designable figures of the rotor body. Several shape factors are selected as design variables for the implementation of the modal separation process. The contribution of the shape factor to the mode frequency transition has calculated to achieve the optimal design of given component.
I. INTRODUCTION

A. Brake Noise
Research of automotive brakes has been practiced by automotive manufacturers for decades due to the importance of the brake system as a significant contributor to the safe operation of vehicles as well as the safety of the vehicle's occupants. Recently, vehicle issues such as quietness and passenger comfort have become a major concern. As a result, researchers for the automotive industry face the challenging problem of managing the noise, vibration and hardness (NVH) issues of brake systems [1] , [2] . In previous reviews, Millner et al. [3] listed a wide classification of brake noise and vibration phenomena such as judder and squeal. For the case of squeal noise, it is well known that the noise is due to friction induced vibration or self-excited vibration of the rotating disc during the late stage of the braking sequence [4] , [5] .
It is assumed from former studies that the squeal noise is induced by dynamic instability, circumstances during the braking sequence, and the constitution of the braking system itself. However, identifying all the mentioned factors required for designing a squeal preventive brake starting from an initial drawing is not a simple task. Therefore, several research efforts have been published regarding the discovery of applicable methods in an attempt to understand, predict, and prevent squeal occurrence through experimental, analytical, and numerical methods [6] . Moreover, the use of complex eigenvalue analysis for brake squeal has been widely accepted in industry [7] , [8] . Mode frequency based research has been used to predict brake squeal occurrence since the early 2000's. It was determined from numerical simulation and experimental results for disc brake systems that unstable modes were generated at the frequency of the particular mode superposition [9] . The mode shape of the brake rotor can be classified as in-plane mode or out-of-plane mode by the prior direction of the motion as shown in Figs. 1 and 2 . In-plane modes are further categorized as tangential or radial modes. The tangential modes have two prior directions of motion, i.e., compression direction or shear direction. In addition, the tangential modes are a significant contributor to the dynamic instability of the brake rotor. The tangential and radial modes, which experience different prior motion directions, were previously studied using analytical and experimental methods by other researchers. Subsequently, it was determined that the compression directional tangential in-plane mode played a dominant role in the generation of dynamic instability [10] . Out-of-plane modes were further classified as diametrical bending or circumferential bending modes. Chen et al. [11] assumed the coupling of two adjacent modes (compression directional tangential in-plane mode and diametrical bending mode) as the dominant cause of the squeal noise. 
B. Design of Experiment  Taguchi Method
The Taguchi method is an approach for planning and analyzing experiments that allows for optimization of functional properties at the initial design stage and is widely adopted program used in various fields of research. A well-planned set of experiments, in which all parameters of interest varied over a specified range, will obtain systematic data for presenting the effect of the control factors to the functional properties [12] .
A product generally has functional properties which have desirable goals and are identified as the ideal values. These ideal values can be divided into several categories in accordance with the Taguchi method including the smaller-is-better case, the larger-is-better case or, finally, the nominal-is-better-case. Researchers have made efforts to determine the ideal cases; however, there are obvious obstacles such as usage, environment, product deterioration and production imperfections. These obstacles are termed as noise factors that cause functional properties to separate from the ideal cases. The Taguchi method adopts a loss function to quantify the separation as
where represents the functional properties, is the expected value, is the expected loss, is the variance of , and is the average of .
In addition, the Taguchi method is based on orthogonal array experiments that provide a significantly reduced variance based on the optimum settings of the control parameters. The orthogonal arrays provide a set of well-balanced experiments and signal-to-noise ratios (S/N) that assists in data analysis and prediction of optimum results [13] .
C. Subject of the Research
The effective design method for squeal noise reduction by separation of specific coupled modes will be introduced in following chapters. This type of design method, known as modal separation, presents discrepancies regarding the output of the application for single part or an assembled system. For this aspect, Lee et al. [14] calculated the level of contribution for the modes that were related to the squeal noise for each component that constitute the brake system. The vector contribution method and kinetic energy contribution method were adopted for this calculation. In addition, it was revealed that the rotor was the dominant contributor, representing 51.3 % of the squeal noise among 13 different parts including the rotor, knuckle and hub. For this connection, a rotor that has a significant relationship with the occurrence of squeal noises should be controlled to avoid mode coupling from the initial design stage.
In this research, the design variables, which are related to squeal noise, have been selected and arrayed by the Taguchi method using a commercially available rotor. Additionally, the rotor will be analyzed by a finite element method to understand the frequency sensitivity. Through this analysis, the dominant factors among the multiple designable shapes on the rotor body are prioritized for practical application on the rotor design, and analyzed for understanding their effect on the mode frequency transition.
II. DESIGN OF EXPERIMENT
A. Overview This paper increases the understanding of the relationship between mode frequency transition and shape modification, which is practiced in accordance with the procedure described in Fig. 3 . The control factor in this study is focused on the rotor, as a single part, given that it was a dominant contributor to the squeal noise. The experiment and analysis plan based on the Taguchi method was designed at the initial stage of this study. It was aimed to translocate the frequency of the squeal-related modes such as the compression directional tangential in-plane mode and diametrical bending mode. The ideal value was set as the larger-the-better case, since a large distance between squeal-related modes created a dynamically stable condition for the rotor. The reliability of the finite element analysis model was achieved by the correlation between the modal test result and the modal analysis result based on the original shaped rotor. According to the orthogonal array, the shape-modified geometry and finite element model were made based on the reliable analysis model where the modal analysis was practiced for these models. Finally, the results were evaluated by the S/N ratio where it was discovered that the particular shape modification for the rotor could ensure the modal transition was an outcome.
B. Constitution of Finite Element Model
The geometry of the selected target component is shown in Fig. 4 . The component was a 13-inch commercial rotor for a lightweight vehicle, which has 236 mm outer diameter and a height of 41 mm. The material properties of the rotor used for the analysis was adopted from a general library. The brake rotors were made with gray case iron, which has material properties mentioned in Table I [15] . The finite elements of the selected rotor geometry were constituted as shown in Fig. 5 . The model was organized using 8-node hexahedron elements and 6-node triangular prism elements. The total number of elements and nodes used were 153,783 and 183,757, respectively. To ensure the performance of a reliable simulation the nodes and elements were constrained for the other modified models in the orthogonal array. The boundary conditions for the analysis were applied as free-free conditions to allow the structure to vibrate freely without any interference from other objects [16] . For the frequency range of interest, the region from 1 Hz to 21,000 Hz was selected for simulating the desired compression directional tangential in-plane mode, which generally occurred three times within the chosen frequency range.
C. Correlation with Experimental Result
For the purpose of validating the test data with the analysis results, the modal test result was measured based on the original brake rotor using the equipment shown in Fig. 6 . Frequency response functions were measured at the free-free boundary conditions by exciting the component with an impact hammer in two different directions, as shown in Fig. 7 . The modal frequencies related to the out-of-plane mode resulted from the perpendicular directional excitation as shown in Fig. 7(a) . Alternately, the frequencies for the in-plane mode resulted from the transverse directional excitation as shown in Fig. 7(b) . Each excitation for the two different directions was carried out five times. The outcomes were calculated as the average frequency of the peak occurrence. The modal test results from the original rotor was plotted as shown in Fig. 8 .
The correlation of the frequency response function between the actual part and the analysis model was accomplished by modifying the material properties of the model to be within the nominal range of the gray cast iron. Table Ⅱ shown below, provides the correlation results after finite element model modification. The average of the difference between the analysis result and the measured data was calculated as 0.47 %, which is considered to be in good agreement. 
D. Design Parameters
A brake system represents an assembly of several individual parts such as pads, caliper and a hub. Therefore, the assembled condition of the rotor and connected parts act as a factor restricting the designed shapes. In this study, the goal was to analyze the shapes that are not related to the connected parts of the brake system. Therefore, the shape of the vane on the rotor was the primary focus of our research. The design parameters reviewed in this paper were selected as shown in Fig. 9 . The control factors were located on the vane. Additionally, the control factors did not have any effect on the adjacent parts. Fig. 9 . Design parameters of the vane on the brake rotor.
The design of the experiment was planned based on the three factors shown on Fig. 9 . Additionally, each of the factors were controlled in three dimensions as shown in Table  Ⅲ . Based on the three dimensions and the three levels, the orthogonal array as organized as shown in Table IV . Nine cases in total were developed for understanding relationship of the frequency transition through shape modification. These cases were modeled for following steps. Table V shows the results of the modal analysis based on the vane modified cases in accordance with the orthogonal array. The results include eleven out-of-plane modes and three in-plane modes within the region of interest from 1 Hz to 21,000 Hz. For understanding the trend of the modal separation, the position of the in-plane mode frequency was analyzed for all cases. Cases 1, 2 and 9 had a 1st in-plane mode frequency between the 6th and 7th out-of-plane mode frequency. Otherwise, the other cases 1st in-plane mode was located between the 5th and 6th out-of-plane mode frequency. Also, for the 2nd in-plane mode frequency, Cases 4, 7 and 8 experienced at the next 7th out-of-plane mode frequency. However, the 2nd in-plane mode for the other cases were located at the next 8th out-of-plane mode frequency.
III. FINITE ELEMENT ANALYSIS
A. Finite Element Analysis Result
This means that the transition tendency of the in-plane mode and out-of-plane mode frequencies indicated separated behavior for each case. For this connection, the S/N ratios for the in-plane mode and out-of-plane mode frequencies were calculated separately. Table VI shows the average of the levels and the amount of contributions for the out-of-plane mode frequencies, where u is average value for overall levels. Based on the mentioned table, the S/N ratio was calculated and plotted as shown in Fig. 10 .
B. Calculation for Contributions
The calculated S/N ratios show that the contribution from factors A and C with a level 3 value provided the dominant portion of the out-of-plane mode frequency transition. The average levels and the amount of contributions for in-plane mode frequencies are described in Table VII . The S/N ratio was plotted in Fig. 11 by calculating the results from the data mentioned in Table VIII . It is observed from the S/N ratio that the contribution for in-plane mode frequency transition was dominantly made by factor Cat level 1. The amount of contribution indicated considerable difference with the other outcomes of factors A and B.
Therefore, it is understood that the fillet radius (C) of the vane shape was the dominant frequency sensitive control factor, and the amount of contribution exhibited a significant difference when compared with the other factors. Additionally, the tendency was where the design factors for the rotor vane were principally related with in-plane mode frequency transition. 
A. Experiment for Modified Part
The dominant design factor of the vane's fillet radius was discussed in the previous sections. This result was verified for this research by experimental methods. From the factors revealed, the fillet radius was modified from the original part for verification in accordance with the analyzed model dimensions. Table VIII shows the dimensional comparison of the control factors between the original part and modified part. Additionally, as shown in the table, only the fillet radius was modified from 2.5 mm to 3 mm. The modified fillet radius part was tested in accordance with the experimental conditions previously explained in Section 2.3 above. The excitations for the two different directions were carried out five times. The outcome was calculated as the average frequency of the peak occurrence.
B. Result of Verification
The correlation between the modified part and the original part was accomplished in accordance with the frequency response functions as measured for each part. The outcomes from each test are shown in Table Ⅸ . The frequency response function from the modified rotor was plotted in Fig. 12 . Plots on the figure indicate the frequency response function from in-plane mode and out-of-plane mode. Additionally, the peaked points on the plot were considered as critical frequencies. To predict squeal noise occurrence, the squeal noises were compared with the frequency difference between the compression directional tangential in-plane mode and the diametrical bending mode. The compared data for modal International Journal of Engineering and Technology, Vol. 10, No. 3, June 2018 separation between the original part and the modified part are shown in Table X. The results shown in Table X indicated that the distance from the IP (in-plane mode) to the OP (out-of-plane mode) was dispersed at the 1st and 2nd in-plane modes. For the 3rd in-plane mode, the frequency difference decreased creating dynamic instability. However, the modified part had a more robust design for the squeal occurrence even for the 3rd in-plane mode case around 19,000 Hz since the prior frequency range for squeal occurrence was from 1,000 Hz to 16,000 Hz.
V. CONCLUSION
This study was based on prior research which revealed the relationship between brake squeal noise and modal superposition. The study then attempted to classify the design factors of the brake rotor to determine the dominant factors affecting modal separation. As a result of the analysis, the fillet radius of the vane was identified as having considerable influence over the modal separation. The calculated S/N ratio indicated the distinct tendency of the in-plane and out-of-plane mode to undergo a factor value change. This resulted in a relatively small modal transition of the out-of-plane mode, while for the in-plane mode a larger value for the factors brought about a larger mode movement.
These results indicate that the selected controllable factor was suitable to achieve the modal separation. Additionally, the modal separation was necessary to divide the compression directional tangential in-plane mode and the diametrical bending mode. This division occurred because the in-plane mode can only be transferred in accordance with an increase of the controllable factors since the out-of-plane mode did not move significantly.
This outcome, as a measure of squeal reduction, could be applied at the initial design stage by brake system manufacturers. However, it should be noted that for this application, decreased structural stiffness may occur because of the proposed vane modification. Moreover, the results will be more valuable based on an understanding of the quality control of the vane fabrication since it was revealed that the vane had a significant relationship with the occurrence of brake squeal.
